Abstract. Formaldehyde (HCHO) is an important intermediate product in the photochemical degradation of methane and non-methane volatile organic compounds. In August 2001, airborne formaldehyde measurements based on the Hantzsch reaction technique were performed during the Mediterranean INtensive Oxidant Study, MINOS. The detection limit of the instrument was 42 pptv (1σ ) at a time resolution of 180 s (10-90%). The overall uncertainty of the HCHO measurements was 30% at a mixing ratio of 300 pptv. In the marine boundary layer over the eastern Mediterranean Sea average HCHO concentrations were of the order of 1500 pptv, in reasonable agreement with results from a three-dimensional global chemical transport model of the lower atmosphere including non-methane volatile organic compound (NMVOC) chemistry. Above the boundary layer HCHO mixing ratios decreased with increasing altitude to a minimum level of 250 pptv at about 7 km. At higher altitudes (above 7 km) HCHO levels showed a strong dependency on the airmass origin. In airmasses from the North Atlantic/North American area HCHO levels were of the order of 300 pptv, a factor of 6 higher than values predicted by the model. Even higher HCHO levels, increasing to values of the order of 600 pptv at 11 km altitude, were observed in easterlies transporting air affected by the Indian monsoon outflow towards the Mediterranean basin. Only a small part (∼30 pptv) of the large discrepancy between the model results and the measurements of HCHO in the free troposphere could be explained by a strong underestimation of the upper tropospheric acetone concentration by up to a factor of ten by the 3D-model. Therefore, the measurement-model difference in the upper troposphere remains unresolved, while the observed dependency of HCHO on airmass origin might indicate that unknown, relatively long-lived NMVOCs -or their reaction intermediCorrespondence to: H. Fischer (hofi@mpch-mainz.mpg.de) ates -associated with biomass burning are at least partially responsible for the observed discrepancies.
Introduction
Formaldehyde (HCHO) is a major intermediate reaction product in atmospheric photochemistry. Additional sources are direct emissions from incomplete fossil fuel combustion (de Serves, 1994; Sigsby et al., 1987) , biomass burning , industrial processing, and emissions from vegetation (Carlier et al, 1986 , and references therein). It is produced during the photochemical degradation of methane and non-methane volatile organic compounds (NMVOC), with methane chemistry being a dominant source of HCHO in the free troposphere and the remote marine boundary layer (Lowe and Schmidt, 1983) . Reactions of HCHO with the hydroxyl radical (OH) and two wavelength dependent photolytic channels (yielding H 2 + CO at λ greater than 325 nm or H + HCO at λ less than 325 nm) are the main loss processes. Losses through dry deposition or rain may also be significant. Typically the photochemical lifetime of HCHO near the surface in the sunlit atmosphere is of the order of 4 h (Lowe and Schmidt, 1983 ) decreasing with increasing altitude due to enhanced photolysis rate. Since HCHO production and destruction depend on OH radical concentrations and the solar photon flux, its concentration can be used as an indicator of photochemical activity and of the role of NMVOC in the background atmosphere (Lowe and Schmidt, 1983) . In particular in the upper troposphere, HCHO measurements can be used to assess the role of oxygenated hydrocarbons on the HO x budget (Crawford et al., 1999) .
In the remote marine boundary layer levels of HCHO exceed 100-200 pptv (Zafirou et al., 1980; Lowe and Schmidt, c European Geosciences Union 2003 1983; Arlander et al., 1990; Heikes, 1992; Harris et al., 1992; Zhou et al., 1996; Mackay et al., 1996; Jacob et al., 1996; Ayers et al., 1997; Jaeglé et al., 2000; Weller et al., 2000; Wagner et al., 2001) , and they decrease with increasing altitude in the free troposphere (Arlander et al., 1995; Jacob et al., 1996; Jaeglé et al., 2000; Heikes et al., 2001; Fried et al., 2003) . These measurements have been compared to model simulations based on simple steady state expressions (Arlander et al., 1995; Zhou et al., 1996) , box models (Liu et al., 1992; Jacob et al., 1996; Ayers et al., 1997; Jaeglé et al., 2000; Weller et al., 2000; Heikes et al., 2001; Frost et al., 2002; Wagner et al., 2002; Fried et al., 2003) , two-dimensional (2D) (Lowe and Schmidt, 1983; Arlander et al., 1995) , and 3D models (Brasseur et al., 1996; Hauglustaine et al., 1998; von Kuhlmann et al., 2003b) . Although in some cases the models show good agreement with the HCHO observations, significant discrepancies are found frequently (Lowe and Schmidt, 1993; Liu et al., 1992; Arlander et al., 1995; Zhou et al., 1996; Jacob et al., 1996; Ayers et al., 1997; Jaeglé et al., 2000; Weller et al., 2000; Heikes et al., 2001; Frost et al., 2002) . For the marine boundary layer overestimation (Lowe and Schmidt, 1993; Jacob et al., 1996) as well as underestimation (Ayers et al., 1997; Weller et al., 2000) of the HCHO concentrations by models are not well understood. For the middle and upper free troposphere, models tend to systematically underestimate the HCHO concentrations (Arlander et al., 1995; Hauglustaine et al., 1998; Jaeglé et al., 2000; Heikes et al., 2001; Frost et al., 2002) . More recent studies in the marine boundary layer by Wagner et al. (2001) and in the free troposphere by Fried et al. (2003) achieved very good measurement-model agreement. Here we present airborne in-situ measurements of HCHO and its precursors in the marine boundary layer and free troposphere over the eastern Mediterranean basin. The observations were made during 14 measurement flights of the German research aircraft Falcon (DLR, Oberpfaffenhofen) in August 2001 as part of the Mediterranean Intensive Oxidant Study (MINOS). A summary of the major results of the MINOS campaign can be found in Lelieveld et al. (2002) .
In the following section the HCHO instrument is described and characterized in detail, while Sect. 3 describes the observations made during MINOS. In Sect. 4 we present an intercomparison of the observations with predictions by a 3D chemical transport model. Section 5 includes sensitivity studies based on box model calculations with more detailed NMVOC chemistry. The findings of this study are discussed in Sect. 6 and summarized in the final section.
Experimental
A commercially available instrument (AERO Laser model AL 4021, Germany), modified for airborne operation, has been used for in-situ HCHO measurements. The instrument is based on the Hantzsch reagent method, initially used in a colorimetric technique by Nash (1953) , following the design described in Kelly and Fortune (1994) . In a first step, HCHO is stripped from a flow of 1 L/min (STP) of ambient air into 0.1 N H 2 SO 4 (0.45 ml min −1 ) in a stainless steel coil, temperature stabilized at 10 • C. The acidity of the stripping solution (pH ≈1) maximises the solubility of HCHO, and minimises the dissolution of ambient SO 2 , a potential interferent of the detection process. In a second step, the HCHO in solution reacts with 2,4-pentanedione (acetylacetone) to form C 6 H 8 O 2 and with ammoniumacetate to form C 5 H 9 NO. Both products combine to form 3,5-diacetyl-1,4-dihydrolutidine (DDL) in the so-called Hantzsch reaction.
The reaction sequence takes place in a temperature stabilized (65 • C) stainless steel reaction coil. The detection and quantification of DDL is accomplished via fluorescence spectroscopy with a photomultiplier tube (Hamamatsu model H957-01, Japan) at 510 nm after excitation at 400 nm by means of a Hg-lamp (BHK-Inc., USA). The instrument response time (10%-90%), determined from a step concentration change applied to the inlet, is approx. 180 s, after a delay time of approx. 260 s caused by the stripping and reaction coils.
Similar instruments have been used previously for ground and ship-based (Weller et al., 2000) (Macdonald et al., 1999; Cardenas et al., 2000) . To operate the instrument on a jet aircraft, the pressure decrease of ambient air with increasing altitude has to be accounted for. This was done by means of a constant pressure inlet, that stabilised the inlet pressure of the AL 4021 to 1200 hPa using two chemically inert Teflon membrane pumps (KNF Neuberger, model KN 828 KNDC, Germany) and a pressure control loop. Sampling of ambient air was accomplished via 1/4" PTFE tubing fed into a forward directed stainless steel inlet tube. The constant pressure inlet guarantees a pressure independent measurement between the boundary layer and the maximum ceiling of the Falcon (13 km, ∼150 hPa).
The in-field calibrations were performed with a 1 µM HCHO liquid-phase standard solution (corresponding to a gas phase concentration of 10 ppbv) before and after each measurement flight to determine the sensitivity of the instrument. In addition an in-flight calibration was made during MINOS flight No. 9 on 17 August 2001. An extensive laboratory based comparison of the liquid phase calibration with gas phase calibrations based on a permeation device (KIN-TEK, model HRT, USA) demonstrated good agreement within the combined uncertainties of the liquid and gas-phase calibration standards (10%). The instrument background was determined after each calibration by passing ambient air over a built-in Hopcalit (60% MnO 2 , 40% CuO) scrubber to remove HCHO. In addition, zero air measurements were performed on a regular basis during the measurement flights. The precision (1.5% at 10 ppbv) and the detection limit (42 pptv) were determined from the reproducibility (1σ -standard deviation) of the instrument calibrations and in-flight zero measurements, respectively.
Contrary to HCHO measurement systems based on optical absorption spectroscopy, e.g. DOAS (Platt and Perner, 1980) or TDLAS (Harris et al., 1989; Fried et al.,1997; Wagner et al., 2001) , the Hantzsch reaction is not free of interferences, caused by other atmospheric constituents in the gas phase. These may be caused by species that are transferred into solution and in addition form photosensitive products that fluoresce in the same wavelength region as DDL. Cross sensitivity studies in the literature mainly deal with the role of higher aldehydes and ketones in forming alternative pyridines that could exhibit similar fluorescence spectra, or the influence of dissolved amines, competing with the formation of acetylacetoamine (Dong and Dasgupta, 1987; Dasgupta et al., 1988; Kelly and Fortune, 1994) . In general, the interfering species have a lower solubility than HCHO and rather low concentrations in the background atmosphere, promoting an interference-free measurement of HCHO. A further interfering process is the production of methane sulfonic acid from dissolved SO 2 , which is efficiently suppressed by the use of an acid stripping solution (Dong and Dasgupta, 1987) .
Lower stratospheric measurements during the MINOS campaign indicated a significant increase of the instrument reading above the tropopause, pointing towards an ozone interference in the basic HCHO detection process or secondary HCHO formation in the inlet system. Figure 1a shows measurements obtained in the lowermost stratosphere during MINOS flight No. 14 on 22 August 2001. A significant positive correlation (r = 0.91) between HCHO and O 3 has been observed for O 3 concentrations in excess of 100 ppbv. A least square regression fit yields a slope of (2.5 ± 0.1) pptv/ppbv. To investigate the nature of this interference, laboratory studies were performed. Figure 1b shows results from laboratory-based experiments with hydrocarbon free air produced by a catalytic conversion of NMHC to CO 2 (Headline filters, model CAP60, Germany) followed by a cryogenic trap (T <180 K). Illumination of the purified zero air with UV light (ansyco GPT) provided variable O 3 concentrations quantified by a UV absorption instrument (environment s.a., model O3-41M). Similar to the lower stratospheric observations a linear regression was observed, indicating a cross sensitivity of (3.0 ± 0.2) pptv/ppbv, in good agreement with the slope of the stratospheric measurements. Based on these laboratory studies, it is rather unlikely that the observed interference is predominantly due to production of HCHO from residual hydrocarbons in ultra-clean zero air during the O 3 production process (Macdonald et al., 1999) or secondary HCHO production from organic aerosols due to reactions with O 3 on the inlet walls (Thomas et al., 2001 ). Instead, our results indicate a direct cross sensitivity of the Hantzsch reaction itself towards O 3 , although the detailed mechanism remains to be resolved. Note that extrapolation of the laboratory regression line to zero O 3 concentrations provides a HCHO concentration of (245 ± 16) pptv, significantly higher than observations (106 ± 60) pptv, most probably indicating incomplete removal of hydrocarbons in the cold trap, and some contribution of secondary HCHO formation during the O 3 production process in the laboratory studies. For the following discussion, all HCHO measurements have been corrected for the observed O 3 interference using a cross sensitivity of 2.5 pptv/ppbv. In addition, a further correction was made to account for an observed temperature dependency of the instrument of 1.6%/ • C. Including all these measures, we estimate the total uncertainty of the HCHO data to be of the order of 30% at a mixing ratio of 300 pptv.
Observations
A detailed discussion of the objectives and the major findings of the MINOS campaign can be found in . Fourteen measurement flights were performed in the marine boundary layer and the free troposphere over the Mediterranean basin. The majority (11) of the flights took place over the eastern Mediterranean Sea near Crete, Fig. 2 ) have been binned into 1 km altitude intervals (0-1 km, etc) and averaged. The mean, median and standard deviations for the individual altitude bins are listed in Table 1 . In general, HCHO concentrations were highest in the marine boundary layer (∼1500 pptv) and decreased with increasing altitude. Lowest concentrations were observed in the middle troposphere at 5-7 km, at mean mixing ratios of the order of 250 pptv.
In the upper troposphere HCHO slightly increased to mean values in excess of 350 pptv at 10-12 km. In particular in the upper troposphere, the mean mixing ratio of HCHO showed a dependency on the airmass origin deduced from backward trajectories (Traub et al., 2003) . The lowest mean concentrations of HCHO of the order of 110 pptv at 10-11 km (Table 1) were observed during flight No. 8 on 16 August 2001. Backward trajectories indicated an airmass origin over the west Atlantic for this particular flight. The highest mixing ratio in excess of 1 ppbv (Table 1 and green data points in Fig. 2 ) were observed during flight No. 2 (03 August 2001) in the outflow of the Indian monsoon convection probed above 8 km altitude Traub et al., 2003; Scheeren et al., 2003) .
The average concentration of HCHO in the marine boundary layer (0-1 km) is at least a factor of three higher than measurements in the remote areas of the Atlantic, Pacific or Indian Ocean (Zafirou et al., 1980; Lowe and Schmidt, 1983; Arlander et al., 1990; Heikes, 1992; Harris et al., 1992; Zhou et al., 1996; Mackay et al., 1996; Jacob et al., 1996; Ayers et al., 1997; Jaeglé et al., 2000; Weller et al., 2000; Wagner et al., 2001 ) and comparable to continental background conditions (Harder et al., 1997; . This is mainly due to advection of pollution from eastern and western Europe at altitudes below 4 km (Traub et al., 2003) . In particular in the outflow of eastern Europe a strong contribution from biomass burning has been observed (Traub et , 2003) . In the middle and upper troposphere mean concentrations over the Mediterranean were on average a factor of two higher than those observed over the tropical Pacific (Heikes et al., 2001 ) and the North and South Atlantic (Arlander et al., 1995; Jaeglé et al., 2000) . Note that these previous HCHO measurements were performed during different seasons and at different locations around the globe, which limits their comparability towards the MINOS findings. Good agreement is found with HCHO observations in the middle troposphere during the NARE 97 campaign over the North Atlantic in September 1997 (Arlander et al., 1995; Jacob et al., 1996; Jaeglé et al., 2000; Heikes et al., 2001; . They are comparable, however, to airborne observations of HCHO during the Southern Oxidants Study in the continental free troposphere over the south-eastern United States in summer 1995 (Lee et al., 1998) .
Comparison to 3D-model results
Figure 2 includes an average profile deduced from model simulations (red curve), performed with the 3D chemistry transport model MATCH-MPIC (Model of Atmospheric Transport and Chemistry -Max Planck Institute for Chemistry version) (Lawrence et al., 1999; von Kuhlmann, 2001; von Kuhlmann et al., 2003a) . The model is driven by meteorological data from the NCEP weather center and includes an extensive non-methane hydrocarbon oxidation mechanism described in detail by von Kuhlmann (2001) . The model resolution is 2.8 • in the horizontal and includes 42 levels in the vertical up to about 2 hPa. During MINOS the model was used to provide chemical weather forecasts to assist the flight planning of the Falcon . The average profile (in 1 km altitude bins) was calculated from "virtual flights" through the model domain, following the aircraft trajectories of the Falcon missions. Figure 2 shows the average profile and the 1σ -standard deviation, while Table 2 contains detailed information on means, medians, standard deviations and ranges for the individual altitude bins, compared to the corresponding observational data. Figure 3 shows the absolute ( HCHO(obs-model) in pptv, Fig. 3a ) and relative (HCHO obs /HCHO model , Fig. 3b ) deviations between observations and model simulations for three altitude regimes (0-4 km, 4-8 km, 8-12 km). The relative difference of HCHO in the lower two layers is approx. 200 pptv (less than a factor 3), increasing to 300-400 pptv (factor of 8) at higher altitudes.
To investigate the causes of the large discrepancy between observations and model results, Fig. 4 shows average profiles, observations and model outputs, for a number of measured trace gases. While model and measurements largely agree for O 3 , CO, and NO y , large deviations are obtained for NO, PAN, CH 3 OH, and acetone. In particular the acetone concentration is strongly underestimated by MATCH throughout the troposphere (factor of 10). As pointed out by Crawford et al. (1999) , acetone photolysis has a strong influence on the HCHO budget in the upper troposphere, so that a model underestimation of acetone might result in an underestimation of HCHO as well.
Significant positive correlations were observed between measured HCHO and acetone and CH 3 OH, respectively, as well as between HCHO and CO, a tracer for combustion emissions (Fig. 5 ). This could indicate that a significant HCHO precursor, either acetone or some other species, coemitted with CO, is not, or not at sufficiently high concentration, represented in MATCH. To check whether the missing acetone in the model can account for the too small HCHO, box model calculations were performed.
Sensitivity studies using box model calculations
A time dependent photochemical box model was used to study the role of acetone on the HCHO budget of the upper troposphere. The box model has been described in detail by Brühl et al. (2000) . The model, which includes detailed VOC chemistry scheme, was initialised with average concentrations for the upper troposphere observed during the MINOS campaign (200 pptv NO x , 100 pptv PAN, 85 ppbv CO, and 100 ppbv O 3 ). Sensitivity runs with varied concentrations of acetone and CH 3 OH were made and compared to a base run (CH 4 chemistry only). In general, the HCHO concentration significantly increased with increasing concentrations of acetone. After a small decrease in the first 48 h the delta HCHO is almost constant for the following 15-20 days, indicating significant secondary HCHO formation in air masses remote from the source region. The relative increase of HCHO after 20 days of model simulation is of the order of 28 pptv/ppbv for acetone. This result strongly depends on the PAN and NO x background mixing ratios. The effect of CH 3 OH is largest during the first day of the model run (11 pptv/ppbv) and decreases strongly to ≈1 pptv/ppbv after 20 days, reflecting the shorter photochemical lifetime of CH 3 OH compared to acetone in the upper troposphere. Based on this study it may be expected that the 3D-model HCHO would increase by ∼30 pptv, to a value of approx. 70 pptv, after including 1 ppbv of additional acetone. This increase is higher than that obtained by Singh et al. (2000) who indicated an acetone sensitivity of 10-15 pptv/ppbv. These box model sensitivity studies clearly indicate that the underestimation of acetone, presumably related to an emission deficit, cannot be the sole cause of the strong underestimation of HCHO by the MATCH model. To close the budget an equivalent of at least 10 ppbv of an acetone-like HCHO precursor would have to be included. Note that the HCHO mixing ratio also depends on the NO mixing ratio in the upper troposphere, since the reaction of NO with CH 3 O 2 governs the rate of HCHO formation. Since NO is also underestimated in MATCH, the HCHO enhancement in the box model runs is partly due to enhanced NO in the upper troposphere.
Discussion
Recent studies of HCHO in the middle and upper free troposphere indicate that state-of-the-art model predictions are generally consistently lower than observations. Table 3 confirms the tendency of the models to underestimate the concentration of upper tropospheric HCHO by a factor of 1.5-5. The observationmodel discrepancies are largest for modestly polluted areas (MINOS, NARE, SONEX). Smallest differences between observations and models are achieved for the tropical Pacific (PEM-Tropics B) and Atlantic (TROPOZ-II) areas, respectively, where trace gas and aerosol number concentrations are typically factors of 2 to 10 smaller than over the Mediterranean . Fried et al. (2003) report observations of HCHO obtained during a series of TOPSE measurement flights between February and May 2000. They compared in-situ observations of HCHO with box model results and generally found good agreement for background conditions, while data affected by recent pollution showed large observationmodel deviations. In addition, they found that for background conditions at very low temperatures (starting around −45 • C), significant and persistent observation-model differences were found during the early deployments at low light levels at high latitudes in the 6-8 km altitude range, sometimes with measured HCHO exceeding modelled mixing ratios by nearly 400 pptv (median difference 132 pptv or 83%).
Taking into account that different measurement techniques have been used for the observations listed in Table 3 , it seems unlikely that the reported measurement-model discrepancies are due to instrument artefacts caused by interfering species. Nevertheless, one has to consider that all techniques applied so far require the transfer of ambient air into the HCHO sensor via an inlet system. Laboratory based studies by Thomas et al. (2001) report the formation of HCHO under (Frost et al., 2002) , data between 4-8 km 3 (Jaeglé et al., 2000) , data between 8-12 km 4 (Heikes et al., 2001) , data above 8 km 5 (Arlander et al., 1995) , data from the tropics (20S-20N) , between 6 and 10 km dry conditions in a reaction of ozone with terminal alkenes serving as a proxy for atmospheric organic aerosols, indicating that in principle aerosol contaminated inlet lines could be responsible for artificial HCHO formation. Although a dependency of HCHO on O 3 concentrations was observed during MINOS, laboratory studies indicated that this was most likely not due to secondary HCHO formation in the inlet system (see Sect. 2). This is in line with observations by Wert et al. (2002) , who did not find sampling artefacts in an extensive evaluation of an inlet system similar to the one used for the HCHO measurements in the present study.
Although an instrument artefact cannot be completely ruled out, it is more likely that the higher HCHO concentrations observed in this study, as well as those reported in the literature, point to a missing HCHO source in the middle and upper troposphere. Recent studies (Ayers et al., 1997; Weller et al., 2000; Elrod et al., 2001; Fried et al., 2003) investigated whether direct production of HCHO in the reaction of CH 3 O 2 with HO 2 , circumventing the production of CH 3 OOH, may enhance the production of formaldehyde. Relying on recent kinetic studies of the temperature dependency of the branching ratio between direct HCHO versus CH 3 OOH formation for this reaction (Elrod et al., 2001) , Fried et al. (2003) came to the conclusion that this process is not sufficiently important to explain the measurementmodel discrepancies. Based on sensitivity studies, they also excluded reaction of CH 4 with Cl or errors in the HCHO photolysis rate at low temperatures as being responsible for the model underestimation of HCHO.
The observation of a positive correlation among HCHO and CH 3 OH, which was also observed in this study, stimulated Jaeglé et al. (2000) to speculate about the heterogeneous conversion of methanol to HCHO on cirrus clouds, although recent laboratory experiments by Iraci et al. (2002) did not find evidence for such a process. A further potential HCHO production mechanism could be photochemical degradation of unmeasured partially oxidized hydrocarbons. Frost et al. (2002) concluded that additional VOCs with a total reactivity equivalent to 1.3 ppbv CH 3 OOH, 12 ppbv acetone, or 11 ppbv CH 3 OH would be needed to account for a measured-modelled HCHO difference of 184 pptv. Further indirect evidence for the role of additional organic precursors comes from this study. As discussed in Sect. 3 the HCHO level in the upper troposphere is strongly dependent on the airmass origin. While the MATCH model results predict low and rather constant values in the upper troposphere, Fig. 6 shows that average HCHO mixing ratios in airmasses affected by the Indian summer monsoon (red curve, Flights No. 1-5) are significantly higher than in airmasses from the North Atlantic/North American area (blue curve, Flights No. 6-14) (Traub et al., 2003; Scheeren et al., 2003) . The influence of the monsoon outflow is strongest at the highest altitudes, which is reflected in the increasing HCHO levels above 7 km. In an accompanying paper, Scheeren et al. (2003) show that these airmasses are rich in combustion products of biofuel use. In contrast to this observation, the North Atlantic/North American HCHO profile is a nearly constant above 5 km at levels comparable to those observed over the North Atlantic during NARE-97 (Fried et al., 2002; Frost et al., 2002) . This could indicate that additional, long-lived VOCs associated with biomass combustion are at least partially responsible for the obtained observationmodel discrepancies for HCHO.
Summary and conclusions
Airborne formaldehyde measurements based on the Hantzsch reaction technique were performed over the eastern Mediterranean Sea during the MINOS campaign in August 2001. Measured concentrations in the marine boundary layer of the order of 1.3 ppbv are relatively well simulated by a chemistry-transport model (MATCH). At higher altitudes (above 6 km) HCHO levels decreased to 0.34 ppbv, though much higher than predicted by the model (∼0.05 ppbv). In general observed HCHO levels in the upper troposphere were dependent on the airmass origin. Vertical profiles affected by the Indian summer monsoon show minimum concentrations of approx. 300 pptv at 6-7 km, increasing to more than 600 pptv above 11 km, the altitude with the maximum observed monsoon influence. The HCHO profile for airmasses with a North Atlantic/North American origin show nearly constant values with altitude of the order of 280 pptv above 5 km, comparable to those observed over the North Atlantic during NARE-97 (Fried et al., 2002; Frost et al., 2002) . Sensitivity studies indicate that the measurement-model disagreement cannot be resolved based on known chemistry and emissions. In particular the observed dependency of HCHO on airmass origin might indicate that unknown, relatively long-lived NMVOCsor their reaction intermediates -associated with biomass burning in South Asia are at least partially responsible for the HCHO observation-model discrepancies. To resolve this issue additional field and laboratory studies are needed.
